Agonists of the γ-aminobutyric acid (GABA) type A benzodiazepine (BZD) receptor exert anxiolytic effects in anxiety disorders, raising the possibility that altered GABA-ergic function may play a role in the pathophysiology of anxiety disorders, such as post-traumatic stress disorder (PTSD). However, few neuroimaging studies have assessed the function or binding potential of the central GABA A BZD receptor system in PTSD. Therefore, our aim was to compare the BZD receptor binding potential between PTSD patients and healthy controls. Twelve medication-free participants with a current diagnosis of PTSD and 15 matched healthy controls underwent positron emission tomography (PET) imaging using [ 11 C] flumazenil. Structural magnetic resonance imaging (MRI) scans were obtained and co-registered to the PET images to permit co-location of neuroanatomical structures in the lower resolution PET image data. Compared to healthy controls, PTSD patients exhibited increased BZD binding in the caudal anterior cingulate cortex and precuneus (p's < 0.05). Severity of PTSD symptoms positively correlated with BZD binding in the left mid-and anterior insular cortices. This study extends previous findings by suggesting that central BZD receptor system involvement in PTSD includes portions of the default mode and salience networks, along with insular regions that support interoception and autonomic arousal.
Introduction
γ-Aminobutyric acid (GABA) is the principle inhibitory neurotransmitter in the brain. Agonists of the GABAsubtype A benzodiazepine (BZD) receptor complex constitute one of the major classes of compounds used to treat anxiety disorders, including post-traumatic stress disorder (PTSD). Nevertheless, only a few studies have examined cerebral BZD receptor binding and/or GABA concentrations in PTSD, were limited to combat exposed males, and proved ambiguous in their findings. Thus, reduced BZD receptor binding potential (BP) in the prefrontal cortex was initially reported in combat-trauma veterans with PTSD compared to healthy controls in a single-photon emission computed tomography (SPECT)-[ 123 I]iomazenil study 1 while widespread reductions in cortical regions, hippocampus, and thalamus were reported by a positron emission tomography (PET) evaluation 2 in a similar population. In contrast, no difference was observed between subjects with PTSD and controls in a SPECT-[
123 I]Iomazenil study of Gulf War veterans 3 . The sample sizes in these studies were small, and the differential effects of current or past psychotropic medications across these studies may also have contributed to their variable results (see Discussion).
Other measures examined have also implicated altered central GABA-ergic function in PTSD. In civilians with PTSD, greater cortical excitability was observed after transcranial magnetic stimulation, suggesting widespread impairment of GABAergic function 4 . Magnetic resonance spectroscopy (MRS) studies of cerebral GABA concentrations showed lower levels of GABA in PTSD patients in parieto-occipital and temporal cortices in one study 5 , whereas higher GABA levels in PTSD patients in the dorsolateral prefrontal cortex and anterior cingulate cortex (ACC) were found in another 6 . In a third study, GABA levels were significantly lower in PTSD subjects than in controls in the insula, while GABA did not differ between groups in the dorsal ACC 7 . A meta-analysis of 1 H-MRS studies measuring GABA levels across psychiatric disorders did not show significant differences in GABA levels in PTSD patients compared to controls 8 . Nevertheless, the interpretation of these findings is still of some controversy, with some authors concluding that primarily extracellular GABA contributes to the MRS signal 9 , while others conclude that largely intracellular GABA is measured 10 .
Aims of study
Using PET and [
11 C]flumazenil we explored differences in the BZD receptor BP between male and female PTSD patients with civilian trauma, naïve to psychotropic medication, without current or past substance abuse and healthy non-traumatized controls.
Methods

Subjects
Twelve medication-free outpatients with PTSD (33.4 ± 10.2 years old, 7 women) and 15 non-traumatized, healthy subjects (34.8 ± 10.4 years old, 8 women) were recruited to the study through advertisements in NIMH and local media (we had originally intended to recruit 15 participants per group, see Data analysis section). Participants provided written informed consent prior to participation and received monetary compensation for participation. Psychiatric diagnoses were determined using the Structured Clinical Interview for DSM-IV (SCID) 11 . Severity of PTSD was determined using the Clinician-Administered PTSD Scale (CAPS) 12 and that of depressive and anxiety symptoms was assessed using the Inventory of Depressive Symptomatology 13 and Hamilton Anxiety Rating Scale 14 . Patients suffered pre-pubertal (n = 5) or adult (n = 7) civilian trauma. Time elapsed from exposure to trauma was 22 ± 4 years in patients exposed to pre-pubertal trauma, and 9.1 ± 8.8 years in patients with adult exposure. Participants underwent physical and laboratory examinations and did not meet criteria for current or past alcohol or substance abuse or dependence. PTSD patients were naïve to psychotropic medication. Control subjects had no personal or family history (in first-degree relatives) of psychiatric disorders.
This study was performed within the National Institute of Mental Health (NIMH) intramural program between March 2004 and June 2005 and approved by the NIMH institutional review board.
Positron emission tomography
PET scans were acquired with subjects at rest with eyes closed using a GE Advance scanner with septa retracted (35 contiguous slices; 4.25 mm plane separation; reconstructed 3D spatial resolution = 6-7 mm full-width at half-maximum). A transmission scan was acquired to correct for attenuation. Following transmission scanning, a dose of approximately 20 mCi of high specific activity [ 11 C]-flumazenil was injected. The upper limit to the injection mass of [
11 C]-flumazenil was set at 9 µg per 70 kg in all studies. A 60-min dynamic emission image of the brain was initiated at injection. Subject motion correction during the PET acquisition was performed with a mutual information registration of each scan time-frame to a standard frame before attenuation correction. Based on the calculated motion, the transmission images were re-sliced and projected for final reconstruction and realignment. To provide an anatomical framework for analysis of the PET images, structural magnetic resonance imaging (MRI) scans were acquired using a 3.0 Tesla scanner (Signa; GE Medical Systems, Waukesha, WI) and a T1-weighted pulse sequence (MP-RAGE; voxel size = 0.9 × 0.9 × 1.2 mm). PET images were registered to the individual's MRI with a mutual information algorithm.
Data analysis Power analysis
At the time the study was conceived, the most similar available study was the SPECT-[ 123I ]iomazenil study reported Bremner et al. 1 , comparing patients with Vietnam combat-related PTSD and healthy control subjects. Normalized results from this study were a mean of 31.0 (SD = 10.1) in the PTSD patients versus a mean of 52.7 (SD = 15.0) for healthy comparison subjects. Based upon the magnitude of this difference between groups, and the within-group standard deviations, sample sizes of 15 participants per group provide very high power (>0.99) to detect a difference in regional BZD receptor binding between groups for α = 0.05 (two-tailed). Since we encountered difficulties in recruitment of patients with PTSD who agreed to perform the PET procedure, we recalculated our power analysis for groups of 15 healthy control subjects and 12 participants with PTSD. This revealed that incorporating groups of this size still provided power in excess of 0.95 to detect a difference in regional BZD receptor binding between groups for α = 0.05 (two-tailed). Therefore, recruitment was study with the PTSD patient group containing 12 participants.
Image analysis
BP images were created using the two-step version of the simplified reference tissue model (SRTM2) 15 . Input kinetics for the reference tissue were derived from the pons (delimited on each subject's MR image), where [ 11 C] flumazenil binding predominantly reflects free and nonspecifically bound radiotracer 16 . Simplified reference tissue modeling approaches with the pons as the reference tissue were validated against more invasive approaches that used arterial plasma input functions for deriving [ 11 C]flumazenil BP. The BP values obtained using these two approaches were highly correlated (r = 0.96 to r = 1.00) 16, 17 . The MRI images (to which the PET data were co-registered) also were used to transform the BP images to a common spatial array (the Montreal Neurological Institute [MNI] template) using SPM2 software (Wellcome Department of Imaging Neuroscience, UCL, London, UK). The PET images then were filtered using a 10-mm Gaussian smoothing kernel to compensate for the effects of potential misalignment error arising during spatial normalization and individual anatomical variation.
[ 11 C]-Flumazenil BP values were compared between groups in a voxel-wise analysis using a two-sample t-test model. Regional between-group differences in the mean BP were considered significant if the peak voxel t-value corresponded to p uncorrected ≤ 0.005 and the cluster-level p-value (for clusters of contiguous, similarly valenced tvalues corresponding to p uncorrected < 0.005) remained significant after applying corrections for multiple testing using the "cluster test" 18 . The coordinates of each voxel were converted to the stereotaxic array of Talairach and Tournoux 19 using a linear transformation (http://imaging. mrc-cbu.cam.ac.uk/downloads/MNI2tal/mni2tal.m).
To assess the relationship between illness severity and BZD receptor binding, we performed a correlational analysis post hoc which assessed the association between the CAPS score and the regional [ 11 C]flumazenil BP. Due to the exploratory nature of this analysis we applied the same significance threshold as for the group-level comparisons (i.e., peak voxel t-value corresponding to p uncorrected ≤ 0.005) without applying corrections for multiple testing.
Results
Patients and controls were similar in sociodemographic measures but differed significantly in PTSD, anxiety, and depression severity ratings (see Table 1 ). No significant difference was found in any sociodemographic or behavioral measures between patients exposed to pre-pubertal versus adult trauma (data available on request).
The mean [ 11 C]-flumazenil BP was significantly higher in patients with PTSD than in healthy controls in a contiguous cluster comprising the medial and superior portion of the caudal ACC and precuneus (see Table 2 and Fig. 1 ). No area was identified in which the mean BP was lower in PTSD subjects versus controls.
The regional BP values positively correlated with CAPS scores in the left mid-insula (x = −32, y = −14, z = 8; t = 3.68; p uncorrected = 0.002) and left anterior insula (x = −30, y = 10, z = 4; t = 3.33; p uncorrected = 0.004). The correlational analyses were conducted only within the PTSD group, as the control subjects were healthy non-traumaexposed subjects with CAPS scores of 0 (as shown in Table 1 ).
The injected dose of [ 
Discussion
Relative to healthy controls, PTSD subjects showed increased BZD receptor BP in the precuneus, and the superior and dorsal ACC. We further report a positive correlation between PTSD symptom severity and BZD BP in the left anterior and mid-insula, which are key regions of the salience network (SN) and cerebral targets of the afferent projections of the vagus nerve, as reviewed below.
The precuneus displays the highest resting metabolic rate in the brain, consuming 35% more glucose than any other cerebral region 20 . It is more highly developed in humans than in non-human primates or other animals, has the most complex columnar cortical organization, and is among the last regions to myelinate 21 . It is also one of the more highly interconnected brain regions, with unilateral and bilateral reciprocal cortico-cortical connections to areas of the posteromedial cortex, other parietal areas, frontal lobe regions, and the basal ganglia 22 , and participates in the neural processing of visuospatial imagery.
The precuneus plays a central role in default mode network (DMN) function 23 . The DMN is an intrinsic or resting-state connectivity network (ICN; RSCN) . Such networks are characterized on the basis of functionally connected brain networks that are specifically active during resting state or task-oriented conditions 24 . These large-scale neurophysiological networks are associated with characteristic functions 25 , are stable across tasks 26 and time 27 , correspond to anatomical white matter tracts 28 , and demonstrate direct behavioral correlates 29 . The DMN is a highly coordinated neuronal network engaged in stimulus-independent activity, and functions to integrate visuospatial imagery, episodic memory retrieval, non-task-related introspection, self-awareness 30 , and monitoring of the environment for potential threats 31 . Deficiencies in DMN functional connectivity were identified as early markers of trauma exposure 32 . Decreased connectivity during subliminal threat processing was found in PTSD compared to controls in the precuneus 33 . In symptom provocation studies, PTSD patients exhibit greater activation than controls in the precuneus 34 . In contrast, in resting-state functional MRI (fMRI) studies, precuneus activation was lower in PTSD and inversely correlated with re-experiencing symptoms 35 , suggesting that dysregulation in the precuneus/ DMN "gateway" function of maintaining a resting state may be associated with PTSD pathophysiology.
Reuveni et al. 36 report a negative correlation between functional connectivity levels and anxiety and depression symptomatology in the precuneus of patients with PTSD. However, no differences in anatomical and functional connectivity patterns were found between chronic, severely-ill PTSD patients and trauma-exposed controls in the precuneus and all other brain regions. Consistent with the results of the present study, this finding illustrates a state wherein an association between clinical symptoms and regional brain function in the PTSD group is not accompanied by a between-group difference in brain function in the same or any other brain region.
A more recent study of connectome-wide investigation of altered resting-state functional connectivity in war veterans with and without PTSD found that veterans without PTSD showed reduced connectivity relative to healthy non-traumatized controls between the precuneus and several other brain areas. The authors hypothesized that the decreased connectivity of the precuneus may represent suppression of the retrieval of sensory memory of traumatic events 37 . Recent studies exhibit differential alteration in the DMN subsystems in PTSD patients compared to controls. Specifically, there were changes in . The purported role of the DMN is to maintain and integrate endogenous brain activity and exogenous task-related processes. The continuous state of hyperarousal and increased reactivity in PTSD alludes to a flaw in DMN function in this condition. Nevertheless, the neurochemical mechanisms mediating this process have not been elucidated.
GABA-ergic transmission has been implicated in the regulation of RSCNs 39 . Available data are limited, and the relationship between GABA-ergic activity and PTSD symptomatology requires further investigation. A negative correlation between regional cerebral GABA concentrations and both hemodynamic activity and cognitive performance (speed) has repeatedly been shown [39] [40] [41] [42] . This inverse association between GABA and DMN deactivation increases with cognitive demand 43 . In an interesting study, Wiebking et al. 44 used fMRI combined with [ 18 F]-flumazenil-PET in healthy subjects to study the effects of monitoring internal (heartbeat counting) and external (tone counting) stimuli upon brain neurotransmitters and hemodynamic activity in cortical midline regions. They found that although both stimulus types induce negative blood-oxygen-level dependent contrast imaging responses in the precuneus, the magnitude of the baseline BZD receptor BP was correlated with the hemodynamic activity changes associated with external, rather than internal, awareness.
A hallmark of PTSD is a continuous high level of arousal and excessive physiological and emotional responses to everyday internal or external stimuli [45] [46] [47] . This intrusion of ruminative ideation or emotional responses to external stimuli may impair attentional focus on other cognitive processes. Internally driven symptoms such as intrusive memories and dissociation, hyperarousal, and continued anticipatory anxiety, prominent in PTSD indicate that a "resting" (behaviorally) state is practically nonexistent in PTSD. This observation is compatible with altered BZD receptor function in key nodes of the DMN. The elevation we found in BZD receptor BP may conceivably attest to an altered inhibition exercised upon the precuneus, expressed by the absence of a "resting state" observed in this population.
The BP was also increased in the caudal ACC, a region involved in diverse functions. For example, the region implicated specifically by the peak voxel t-values manifests sustained neural activity during working memory tasks, with a pattern of activity suggesting that this region mediates a state of preparedness for selecting a motor response 48 . However, the cluster of voxel t-values in this region also extends through mid-and posterior cingulate cortical areas that form part of the extended medial prefrontal network, and participate in anxiety and emotional processing 31, 49 , error detection, performance monitoring, competition monitoring, anticipation, working memory, novelty detection, and reward assessment 50 . Impairment in such functions can be readily ascribed to PTSD, in particular in the symptom clusters of cognitive alteration, avoidance, and increased arousal. In fact, hyperresponsivity of the dorsal ACC appears to be a constitutional familial vulnerability factor for the development of PTSD following exposure to threatening events 51, 52 . The dorsal ACC has also been implicated in mediating fear extinction learning 53, 54 . Greater avoidance symptomatology in PTSD was associated with greater activation in brain regions overlapping with the dorsal ACC during both fear acquisition and extinction 55 . Heightened fear responses and increased avoidance symptoms in individuals with PTSD suggest a deficiency in fear extinction learning. Higher dorsal ACC activity in response to negative images reportedly predicted the persistence of PTSD symptoms measured 6-8 months after treatment 56 , as well as symptom severity at long-term follow-up (4 years) 57 . In light of GABA's well-established involvement in fear conditioning and extinction mechanisms 58 and the key role of the dorsal ACC in mediating these processes, our finding of increased flumazenil BP in the dorsal ACC offers an invaluable direction for future research to unravel the underpinnings of impaired fear extinction learning in PTSD.
A positive correlation was found between BZD receptor BP and PTSD severity (CAPS score) in the left mid-insula and left anterior insula, although this finding must be considered exploratory because the p-value was not corrected for multiple testing. The insular cortex plays a major role in processing emotional and cognitive information, self-awareness, and anticipation of aversive stimuli 59 . In PTSD, the capacity to identify and differentiate between stimuli is impaired, leading to a generalization of fear responses arising from emotionally neutral stimuli. Given evidence for autonomic arousal in PTSD, it is noteworthy that the mid-insular area in which BZD receptor BP was abnormal is located the vicinity of the efferent terminal fields from the vagus nerve implicated in interoception 60, 61 . This area previously showed reduced hemodynamic responses during interoceptive tasks in patients with major depressive disorder (particularly in depressed subjects experiencing appetite loss) versus controls, to an extent that correlated with the severity of both depressive symptoms and somatic symptoms in depressed subjects 62 . Our preliminary observation of a positive correlation between BZD receptor BP in this region and PTSD symptom severity thus warrants further exploration, particularly in relation to the neural processing of interoception, autonomic arousal, and depression within the context of PTSD.
The insula as well as the dorsal ACC also are central to the SN 63 , an ICN that responds to the degree of personal relevance of a given cue and activates strongly after exposure to emotionally laden stimuli 64 . The SN is also involved in decision-making and coordination of behavioral responses, homeostatic regulation, and reward processing 65 . Disruptions in the SN have been shown to correlate with PTSD symptoms such as anxiety and deficient emotional processing during stressful events 66, 67 . It has been hypothesized 68 that PTSD may be characterized by a weakly connected and hypoactive DMN and central executive network (CEN) that are destabilized by an overactive and hyperconnected SN, with a low threshold for perceived saliency and inefficient DMN-CEN modulation.
Relative to healthy controls we found increased basal BZD receptor BP in patients with PTSD in brain regions comprising the DMN and SN. The activity of these networks is considered anticorrelated, subserving different attributes of foci of attention 25 . The SN, involved in the capture of relevant external stimuli, signals the DMN to reduce activity when attention should be externally focused. Damage to white matter tracts within the SN impairs this dynamic network interaction 69 . Sripada et al. 67 exhibited increased cross-network connectivity between DMN and SN in PTSD, also reported by Zhang et al. 70 . Two studies employing graph theory analysis to analyze resting-state fMRI data suggest that disequilibrium between the DMN and SN is conceivably associated with PTSD pathophysiology and could serve as a biomarker for the disorder 71, 72 . Our findings of increased BZD receptor BP in PTSD differ from the findings of two previous SPECT-[123I]-iomazenil studies 1, 3 and one PET study 56 in PTSD. These studies limited their patient samples to male combat veterans, and it is conceivable that the distinct findings in the current study are influenced by sex differences in BZD receptor binding. Control subjects in previous studies also varied: trauma-exposed veterans in the PET study of Geuze et al. 2 , non-deployed veterans in one of the SPECT studies 3 , and healthy, non-exposed controls in the other 1 . We studied a combined male and female sample of PTSD subjects who had been exposed to civilian trauma, both childhood and adult, compared to healthy, non-traumaexposed controls. Moreover, we included only participants who were naïve to psychotropic medication and did not meet criteria for current or past alcohol or substance abuse or dependence. In the previous studies cited above the past psychotropic medication usage also varied, with no usage of BZD in the 6 months preceding the study in all three studies, but with apparent use of other psychotropic medication 4 weeks or more prior to the beginning of the two SPECT studies. Furthermore, although substance and alcohol abuse in the 6 months preceding the evaluation was an exclusion criterion in all three of these previous studies, in the Fujita et al. 3 study almost one-half of participants had a history of abuse while in the Bremner et al. 1 and Geuze et al. 2 studies 23% and 22% (respectively) of participants had a history of abuse.
Notably, a meta-analysis of fMRI data from PTSD samples reported that differences in hemodynamic activity between patients with PTSD and controls varied according to the presence/absence of trauma exposure in the control group. Particularly, the activity in the precuneus differed between groups when PTSD was compared to trauma naïve subjects, as in the present study, but not when compared to trauma-exposed controls 73 . Thus, our findings may reflect differences in subject sample selection, with our PTSD and control sample free from confounding effects of current or past psychotropic drug use or abuse, and the control sample trauma naïve, and/or in their methods for measuring BZD receptor BP, since the PET-[
11 C]-flumazenil technique has superior sensitivity and relative to SPECT-[
123 I]-iomazenil. The data suggest a deficit in GABA-ergic transmission in PTSD in the precuneus and posterior cingulate regions, resulting in compensatory upregulation of BZD receptors. Potentially consistent with this hypothesis, BZD receptor agonists are often used to treat anxiety symptoms in PTSD. However, the efficacy of BZDs on the core symptoms of PTSD has remained debatable 74 , with potential complications of dependence, withdrawal, as well as excessive sedation, reduced concentration, and attention 75 . Other compounds that modulate GABA A receptor function thus have been explored. Decreased levels of allopregnanolone (Allo), a potent intrinsic modulator of GABA A receptors 76 , have been associated with development of PTSD in women 77 . Studies using socially isolated mice, as an animal model of PTSD, have also demonstrated that corticolimbic Allo levels become markedly decreased in association with the development of anxietylike behaviors, resistance to sedation, and extreme aggression [78] [79] [80] . Hence, treatment with pregnenolone appears to have the potential to improve emotional regulation by increasing Allo levels and reducing activation of brain areas involved in mediating negatively valenced emotions 81 . Nevertheless, a phase 2 clinical trial of ganaxolone, a synthetic analog of Allo, in PTSD patients showed no benefit relative to placebo in reducing PTSD symptoms 82 .
